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An Fnvestigatian was conducted t o  determine the effect of outer- 
shell design variables an the internal performance characteristics of 

c several plug-type  nozzles  designed for  a pressure r a t i o  between 6 and 12. 
The data were obtained over a range of nozzle  pressure rat ios  from about 

; 1.5 t o  30. 
f Inlet Mach number and outer-shell  angle had no effect on nozzle 

thrust coefficient. Outer-shell exit position, however, had a -ked 
effect on nozzle thrust coefficient . A thrust coefficient of 0.975 was 
obtained when the outer-shell exit was located downs.f;ream of the pint 
where the curved portion of the  plug became tangent to   the  conLcal ex- 
passion section. The thrust coefficient decreased t o  0.90 w i t h  the  exit 
of the  outer shell located at  the maximum dianeter of the plug. 

For choked flow, the  effective throat area decreased when either  the 
inlet  Mafih rider or the outer-shell angle was increased. 

The extended plug-type nozzle has been shown t o  possess good Qmust 
chazacteristics over a wide range of pressure ratios (ref. 1). The peak 
thrust coefficients were about as high as those of a convergent-divergent 
nozzle,  and were relatively  insensitive t o  pressure  ratio below the design 
p o h t .  These data did not  necessarily  represent  the optirmlm performance 
of a plug  nozzle, however, because no attempt was made to refine the 
design. 

The effect  of refFnements in plug design on nozzle performance is 
reported In reference 2. The plug variables that were investigated in- 

- cluded plug expansion-section contour (isentropic and conical),  conical 
I plug angle,  and throat approach section. Peak thrust  coefficients from 

1 t o  2 percent higher were obtained with the nozzles of reference 2 than 
with those of reference 1. - 
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The configurations of references 1 anti 2 had l o w  W e t  Mach numbere 
and arbi t rary outer-shell angles. A c t u a l  nozzle-inlet Mach riders for  
real is t ic  engine- designs are much higher than those of references I and 
2. Also, in  the nozzle  desigu there is a wide choice of outer-ehell 
exit  angle and the relation of outer-shell exit position  to psrts of the 
plug contour. . .  . . .  

An investigation ww therefore .conducted t o  determine the  effecte 
of outer-shell design v-a.riables on nozzle performance. The design vari- 
ables that were investigated  included  nozzle-inlet Mach number, outer- 
shell  angle, and longitudinal  position of the  outer-shell  exit  relative 
t o  the plug. 

The plug  nozzles were investigated over a range of nozzle  pressure 
ratios from 1.5 t o  30. A 30' canical plug was used for  the entire in- 
vestigation. The inlet Mach  number was varied frcg 0,16 t g  0.32 and the 
outer-shell eagle ranged f r o m  23O to. 900. 

Nozzle Configuratims 

The 12 conical-plug-nozzle configuratians  investigated are l i s t ed  
i n  table I along wlth the dimensicms of the varioue parts .  . A n  exploded 
view of a typical configuratlcm is shown in  figure 1. All canfigurations 
had a 3 0 ~  conical plug. 

Configurations for varying inlet Mach nlfmber . - Configurations 1, 
2.  and 3 were used t o  stud" the  effect of nozzle-inlet Mach number. The 
&et Mach n M e r  was varied from 0.18 t o  0.32 by changing the  outer 
sbel l  diameter a6 shown by the da&?d lines in the following sketch: 

""e - ""- 

w 
. . ." 

The outer-shell exit was located just downstream of the point where the 
curved portion of the plug b e c e  tangent t o  the canical aqansion eec- 
tion. The design pressure  ratio of these ccmfiguratians was approxi- 
mately 6.8 (isentrqpic  pressure  ratio corresponding t o  the ratio of 
outer-shell exit area to throat area). The throat area waa defined as 
the annulus area between the outer-shell exit and the plug in a plane 
perpendicular t o  the nozzle axis. 
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Configurations f o r  varying outer-shell  angle. - The effect of outer- 
* . shel l  angle was d e t e e e d  w i t h  canfiguration 1 and configurations 4 t o  7. 

The outer-shell angle CG w&s varied frm 23O t o  90° (see  sketch). 

CH 
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The outer-shell  exit  position was the same as f o r  configurations I 
t o  3. The desi= pressure r a t i o  of these  configurations was appraxi- 
mately 6.2. 

Configurations f o r  varyhE outer-shell  exit  position. - The effect 
of outer-shell  exit  position was determined with configuration 2 and con- 
figurations 8 t o  12. The mter-shell exit position was varied frm the 
point of tangency of t h e   c w e d  portion of the plug and the conical ex- 

the following sketch: 

w-. 
3 
? 5 pansion section t o  the hump of the plug as ind&xted schenaticaUy in 
w u 

The design  pressure ra t ios  varied froan 6.9 to 12.6 fo r  these con- 
figurations . The outer-shell  angle varied frcmn 23O to 90° for  these 
configurations except the me with the exit at the maximum -ter of 
the plug, where the shell angle w&8 zero. 

h s  t allat ion 

The nozzles were ins.t;alled in a test chamber,  which was ccmnected 
t o  the laboratory  cdmstian air and alt i tude exhaust fac i l i t i e s  as sham 
in figures 2 and 3. The nozzles were bolted to a Ilhounting pipe, which 
waa freely suspended by four flexure rods that were connected to the bed 
plate. Pressure  forces  acting an the  nozzle and mounting pipe, both ex- 
ternaJ- and internal, were transmitted from the bed plate through a 
flexure-plate-supported b e l l  crank e d  linkage t o  a balanced-air-pressure 
diaphragm f orce-measuring ce l l .  Pressure differences m o s s  the nozzle 

- 

e - 
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and  mounting pipe were mintaued by labyrinth seals around the mounting 
pipe, which separated the nozzle inlet air frm the -ut. The space 
between the two labyrinth seals was vented t o  the test chamber. This 
decreased the pressure differential  across the second l a b y r h t h  and pre- 
vented a pressure  gradient on the outside of the diffuser section due t o  
an air  blast from the labyrinth seal. 

Instrumentation 

Pressures and temperatures were measured at various stations, which 
are  indicated i n  figure 2. Total- and wall static-pressure measurements 
at station 1 were used t o  cmpute inlet xmmentum, and to ta l -  and s ta t ic-  
pressure measurements (stream and wall s t a t i c )  at station 2 were used t o  
compte a i r  flow. T o t a l  pressure and temperature were measured at the 
nozzle inlet (station 3). Ambient-exhaust pressure was provided at sta- 
tion 0, and a static-pressure survey was made on the outside w a l l s  of 
the bellmouth inlet .  W a l l  s t a t i c  pressures were  measured along the sur- 
faces of each of the plugs (frcm =- diameter t o  downstream tip}. 

Performance data f o r  each configuration were obtained over a range 
of nozzle pressure  ratios at 8 constant air flow. The nozzle pressure 
ra t io  was varied from about 1.5 to   the maxFrmun obtainable. Maximum pres- 
sure  ratio varied from configuration t o  configuration because of the 
varying throat area8 and the limitFng air-handling capacity of the air 
supply and exhauster equipment. 

The thrust  coefficient was calculated by dividlng  the actual jet 
thrust by the ideal thrust. The actual je t  thruet was computed f r o a n  
the force measured  by the b ~ c e d - a i r - p r e 6 s u r e  diaphragm and fran pres- 
sure and temperature msurements made throughout the eetup. The ideal 
Jet thrust was calculated as the product of the measured mass flow and 
the isentropic  j e t  velocity based on the nozzle pressure r a t io  and the 
M e t  temperature. The methods of calculation p e d  i n  this report and 
the synibab are shown i n  appendbe6 A and B, respectively. 

The effects of varying the outer-shell geometry on the performance 
of a convergent  nozzle w e r e  determined with nozzles designed for  
pressure  ratios  pressure  ratio corresponding t o  the rat io  of 
the outer-shell exit area t o  the throat area) between 6 and 13. AB shown 
in reference 2, a 30° plug  gives the highest performance ( for  a conical 
plug) for  these design pressure  ratios a d  waa therefore used for all 
configurations  reported herein. 
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Effect of Inlet Mach Nurnber on Performance . 
The thrust coefficients of the plug nozzles  Investigated were not 

affected by variations in inlet Mach number. The thrust  coeffioients 
were also relatively  Fnsensitive  to  nozzle  pressure  ratio Wth a peak 
of about 0.975 (same results as reported in ref. 2). This is shown in 
figure 4, which is a plot of thrust coefficient and air-flow pammeter 
against nozzle pressure ratio.  The nozzle-inlet Mach  nurnber was varied 
from 0.18 t o  0.32 by holdhg the plug diameter constant and decreasing 
the diameter of the outer shell. For this particular plug design, the 

the plug hunrp had reached unity  (flow area at hump equal to throat are&) . 
The nozzle would then  operate somewhat underexpanded at the origFnal 
design  pressure  ratio. 

w 
UI 
N 
CI1 upper IMt of the inlet Mach rimer was 0.32 because the Mach nmiber at 

The air-flow parameter showed a decrease a6 the high inlet Mach 
number. The theoretical value of the air-flow parameter for  choked flow 

- is shown by a dashed line on figure 4. . 
Effect of Outer-Shell Angle on Performance 

8, 

"he thrust coefficient was not affected by variations in outer-shell 
angle. The thrust coefficients for nozzles having wter-shell angles 
fran 23O t o  90' are shawn in figure 5 plotted against nozzle pressure 
ratio.  The thrust characteristics were the same as those of figure 4. 
For this particulaz plug design, the lower limit of the outer-shell angle 
was 23O. Any further decrease in angle would have resulted In the for- 
mation of a convergent-dfvergent flow passage by shifting the  throat up- 
stream of the outer-shell  exit. 

The air-flow parameter, which is a lso  shum in flgure 5, decreased 
as the outer-shell angle was increased. This decrease in sir-flow paran- 
eter with decreasjng  angle is presumably due t o  changes in the vena 
contracta downstream of the  exit .  

EXfect of Outer-Shell Exit  Position on Performmce 

The use of a translatable-type variable-area nozzle would require 
variation in outer-shell exit position. The effect  of outer-shell exit 
position on nozzle perf ormagce is shown in figure 6. Thrust coefficient 
and air-flow parameter are lo t ted  against nozzle pressure ratio for a 
range of .length  ratios Ls& frm zero t o  0.34. These nozzles had 
various outer-shell &e8 and M e t  Mach nuibers  but  these  variables 

I have been- .shown 
the outer-shell 
ered the entire 

c but the general . 

t o  no effect on nozzle thrust coefficient. kviag  
exit upstream onto the curved portion of the plug law- 
thrust coeff'icient curve for  length ratios below 0.25, 
insensitivity of thrust coefficient t o  pressure ratio 



was unchanged. The peak thrust coefficients frm figure 6 are plotted 
agalnst outer-shell exit position i n  figure 7. The peak thrust coeffi- 
cient was decreased from 0.975 t o  0.90 by translating the outer-shell 
exit position f r o m  a point  just downstream of the tangency of the curved 
portion of the plug and the  conical expansion section  to  the maximum 
diameter of the plug. This reduction in thrust coefficient is due t o  a 
decrease i n  the pressure on the plug caused by Pmmitl-Meyer expansion 
on the plug (see ref. 2) .  This decrease in pressure is shown by plots 
of the pressure distribution along the  plug in f w e  8 for  nozzles wlth 
length ratios of 0.26, 0.128, ssd zero. As the .outer-shell exit was 
moved upstream on the curved portion of the plug, the pressure force on 
the plug decreased. 

In general, the a i r - f l Q w  parameters (fig. 6 )  increased as the exit 
approached the  plug huu.~~ becaue the actual throat area approached the 
sane plane as the arbi t rar i ly  defined throat area. 

The effects of outer-shell  design-variables on the internal perform- . 
ante characteristics of several plug-type  nozzles were obtained over a 
range of nozzle pressure ratios from 1.5 t o  30. These nozzles had design 
pressure ratios between 6 asd 12. Inlet Mach nmiber and outer-shell 
angle had no effect on nozzle thrust coefficient.  Outer-shell exit 
position, however, had a marked effect an nozzle thrust coefficient. A 
thrust  coefficient of 0.975 w&s obtained when the outer-shell exit  was 
located downstream of the point where the curved portion of the plug 
became tangent t o  the conical expansion section. The thrust coefficient 
decreased t o  0.90 wfth the outer-shell  exit  located at the maximum diam- 
e te r  of the plug. This decrease in thrust coefficient was du? t o  a re- 
duction in pressure an the plug surface caused by a Praadtl-Mieyer ex- 
pansion on the plug. 

For choked flow, the effective  throat area decreased when either 
the inlet W h  number OT the  outer-shell m e  us8 increased. 

Lewis Flight Propulsion Laboratory 
National Advieory C o m m i t t e e  for Aeronautics 

Cleveland, Ohio, November 30, 1954 
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MEZHODG OF -ION 

AW flow. - The nozzle air flow w&s calculated aa 

&ere r was aaeumed t o  be 1.4. 

Thrust. - The jet thrust was defined as 

7 

.. - or as defined Fn the  conventional manner 

where Ve and 5, are effective vdues . me actual Jet thrust was 
calculated by the  equation 

where  Fd waa obtained from balanced-air-pressure measurements. 

The ideally available jet thrust, which was based on measured mass 
flow, was calculated as 

Thrust coefficient . - The thrust coefficient is defined as the ra t io  
of the actual t o  ideal Jet thrust : 
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The following 0ymb018 are used in this report: 

outside area, sq ft 

inside area, sq ft 

flow area (annulus between outer-shell exit area md plug in 
plane  perpendicular t o  plug axis), sq ft . 

pipe area under labyrinth s e a l ,  sq f t  

plug  projected  area, sq f t  

exit area of outer  shell, sq f t  

thrust  coefficient 

thrust, lb 

bal~,nced-air-pressu-dLaphragm reading, lb 

pr) 

K) 
s: 

. L  

-- r 

acceleration due t o  gravity, 32.174 ft/sec2 

distance from maximum diameter of plug to downstream t i p  of plug .. . 

distance from maximum diameter of plpg t o  outer-shell  exit 

t o t a l  pressure,  lb/sq ft 

s t a t i c  pressure, Ib/sq f t  

integrated  static  pressure  acting on outside of bellmazth lnlet  
to   s ta t ion  2, lb/sq ft 

gas constant, 53.3 ft- lb/(lb)(%) for air 

to t a l   t eqe ra tu re  

velocity,  ft/sec 

measured air f low,  lb/sec 

outer-shell angle, deg 
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6 ra t io  of t o t a l  pressure at nozzle Wet t o  absolute  pressure at . NACA standard  sea-level  conditions 

r ra t io  of specific heats 

e r a t io  of t o t a l  temgerature at nozzle inlet t o  absolute tempera- 
ture at IUCA standard sea-level conait  ions 

CH v 
w N Subscripts : 

e nozzle exit  

- P Plug 

t throat 

W plug surface or w" 

9 

0 exhaust or dbient  

1 inlet 

2 diffuser M e t  

3 nozzle inlet 

1. Ciepluch, Carl C . , Ecrull, E. George, and Steffen, Fred W. : Prelim- 
inary hvest-lgation of Performance of Variable-Throat Extended-Plug- 
Type Nozzles over Wide Range of  Moezle Pressure Ratios. HACA 
RM 353a8, 1954. 

2. KmU, H. George, and B e a l e ,  W i l l i a m  IC. : EXfect of Plug Design on 
Performance Cha.racteristics of Convergent-Plug Ekhaust Nozzles. 
NACA FM E54H05, 1954. 
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:onf igmat ior  

1 
2 
3 
4 
5 
6 

7 
8 
9 
10 
11 
12 

0 E.86 
1.03  8.58 

0 €La6 
0 g.86 
0 8.87 

0 8.86 
2.04 9.72 

.03 9.24 

.03 9.24 

.06 9.73 

1.03 8 . a  

.52 8.58 
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4.13 13..00 
1.00 9.72 

4.84 13.00 
2.12 13.00 
1.03 13.00 

0 l3.00 
0 9.72 
1.00 9.72 
.57 9.72 

0 9.72 
2.80  9.73 

1-00 ,9-. 45 

I 

E, 
deg in. a, 

0.91 
36 3.15 
27 

63 4.Qo 
44 2.92 
23 0.18 
36 3.15 

5.08 90 
3.15 90 
3.15 36 
3.15 23 
3.15 90 
3 0 

ihell exit area,  Design 
Throat area 

Throat 

sq in. 

area, ressure P AEJAf, t r a t i o  hflt, 

1.53 

1.59 

1 S O  
1.49 

1- sa 

l.Sl 

1.46 
1.98 
1.82 
2.05 
2.20 
1.96 

6.5 
6.9 
7 .O 
6.3 
6.2 
6.1 

40.41 
36.58 
36.40 
40.74 
41.22 
41.38 
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Figme 2. - BOhm3tic &awing of mezle in t es t  chumbor. 
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Config- Inlet Hump Design Expansion 
uratlon Mach Mach pressure ratio 

nlnnber number ratio 
0 1 0.U 0.25 6.4 1.55 
0 2 .26 .67 6.9 1.58 
0 . 3 ' .32 1.00 7.00 1.59 
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Hozz.Le pressure ratio, p3/p0 

Figure 4. - FXfect of inlet Mch number on nozzle performance. 
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Figure 5. - Effect of outer-shell  angle on nozzle prformance. 
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Pressure ra t io ,  p3/p0 

Figure 6. - Effect of outer-shell e a t  pmlt ion on noszle periormance. 
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Figure 7. - Effect of outer-shell exit poeitlon on peak t h a t  coefficient. 
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Ratio of flow area t o  throat area, Af/Af,t 

Figure 8 .  - Comparison of plug peaeure distributione a t  nozzle preeeure 
ratio of 20 for  three  outer-ehcll exit positions. 
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